Motivation: Some genomic islands contain horizontally transferred genes, which play critical
INTRODUCTION
However, in such analysis, the requirement that multiple genomes whose complete sequences need to be available, usually limits its application. Most methods for detecting horizontal transfer events are based on the assumption that horizontally transferred genes have some characteristics which are distinct from the rest of genomes. These distinct characteristics include GC content, codon usage, amino acid usage, dinucleotide usage and tetranucleotide relative abundance values (Lio and Vannucci, 2000; Karlin, 2001; Hsiao et al., 2003) .
Among these methods, assessing the change of GC content is an established way to detect the horizontal gene transfer events. Traditionally, the GC content distribution of a genome is assessed by computing the GC content of sliding windows along the genome. Although the window method has been extensively used, it has the disadvantage that the resolution is low. In this method, the window size is a parameter which is difficult to be adjusted. Small window size leads to large statistical fluctuation, whereas large window size leads to low resolution.
Recently, a windowless method for the GC content computation has been proposed, which is termed the cumulative GC profile (Zhang et al., 2001) . In this method, no window is used, therefore, the resolution is high. In an extreme case, GC content can be computed at one single point, i.e., for one base in the genome. In this communication, the cumulative GC profile will be used to detect genomic islands in the bacteria Corynebacterium glutamicum and Vibrio vulnificus CMCP6 chromosome I.
MATERIALS AND METHODS
The complete genome sequences of the bacteria Corynebacterium glutamicum (NC_003450) and Vibrio vulnificus CMCP6 chromosome I (AE016795) were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/).
Using the cumulative GC profile to calculate GC content
The Z curve is a three-dimensional space curve constituting the unique representation of a given DNA sequence in the sense that each can be uniquely reconstructed given the other (Zhang and Zhang, 1991; . Based on the Z curve, any DNA sequence can be uniquely described by three independent distributions, i.e., those of the bases of purine/pyrimidine ( ), amino/keto ( ), and weak/strong hydrogen bonds ( ), respectively. In particular, z displays the distribution of bases of GC/AT types along the sequence, which is calculated as follows (Zhang and Zhang, 1991; . 
where and T are the cumulative numbers of the bases A, C, G and T, respectively, occurring in the subsequence from the first base to the n-th base in the DNA sequence inspected.
n linear function of n. To amplify the deviations, the curve of z~ n is fitted by a straight line using the least square technique, n (2) , kn z = where (z, n) is the coordinate of a point on the straight line fitted and k is its slope. Instead of using the curve of z~ n, we will use the z' curve, or cumulative GC profile, hereafter, where
Therefore, the deviations of ~ n curve from the straight line, which corresponds to a constant GC content (see eq. (4) below), are protruded by the z' curve. The z' curve and the cumulative GC profile are used interchangeably in this paper. n z Let GC denote the average GC content within a region n ∆ in a sequence, we find from eqs.
(1), (2) and (3)
where is the average slope of the z' curve within the region ∆ . Both quantities of and can be calculated by using the z' curve. The region
is usually chosen to be a fragment of a natural DNA sequence, e.g., a genomic island. The above method is called the windowless technique for the GC content computation (Zhang et al., 2001 ).
Indices to measure codon and amino acid usage bias
The occurrence frequencies of codons (the stop codons are excluded) in a protein-coding gene may be deemed as a 61-dimensional codon usage vector. The mean codon usage vector averaged over all genes in a genome is denoted by c . Suppose that the codon usage vector for the i th gene 6 in the genome under study is denoted by . Then the codon usage bias of this gene with respect with the average vector may be calculated by the index of codon usage bias cub 
An index to measure the homogeneity of the GC content of genomic islands
We noticed that genomic islands have fairly homogenous GC content, and this appears to be a newly found characteristic of genomic islands (see the next section). Note from eq. (4) that, if
, the GC content for the DNA fragment studied is a constant. Therefore, the fact that a genomic island has fairly homogenous GC content implies that 0 ≈ ′ n z . The smallness of n z′ may be described by the deviation defined below
where is the cumulative GC profiles defined in eq. (3) for a genomic island, and M is its length. Similarly, the deviation of GC content from a constant for a whole genome may be described by defined by
where is the cumulative GC profiles defined in eq. (3) for a whole genome and N is its length. Note that although the same notation is used, z n z n′ n ′ in eq. (7) and (8) is different. The former is for the DNA sequence of a genomic island, whereas the latter is for that of a whole genome. In order to assess the homogeneity of the GC content in a genomic island, a homogeneity index is defined by
Note that instead of measuring the absolute magnitude of GC content variations, h measures the relative magnitude of the GC content variations in a genomic island, compared with that of the whole genome. If h , the variations of GC content of genomic islands may be considered to be small.
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RESULTS AND DISCUSSION
The cumulative GC profiles for some completely sequenced genomes which have genomic islands Pathogenicity islands were first discovered in 1994, however, it soon turned out that it is only 'the tip of the iceberg', since now it appears that horizontal gene transfer is a common event during bacterial evolution (Hentschel and Hacker, 2001) . With regard to genomic islands, several genomes containing genomic islands have been completely sequenced. Below we show the commutative GC profiles for the genomes of Vibrio cholerae chromosome II (Heidelberg et al., 2000) , Streptococcus mutant UA159 (Ajdic et al., 2002) and Bradyrhizobium japonicum (Kaneko et al., 2002) , which have genomic islands (Fig. 1) .
Before studying the features of the cumulative GC profiles for these bacterial genomes, some basic characteristics of the z' curve need to be mentioned. region.
In Fig. 1 , the z' curves for the genomic islands are distinct from those of the rest of the genomes, in that the genomic islands in these genomes have relatively low GC content, as reflected by abrupt jumps in the z' curves at the regions of the genomic islands identified. The abrupt jump in the z' curve indicates that there are clear boundaries between the genomic islands and the surrounding regions. Because the resolution of z' curve is high, the boundaries of the genomic islands can be precisely located using some optimization algorithms by determining the minimum (maximum) point in the z' curves. A simple optimization program was written to locate these boundaries. As an example, the GC content distribution of the Bradyrhizobium japonicum genome by using the window method is shown (Fig. 1B) . As can be seen that the boundaries between the genomic island and the rest of the genome cannot be precisely obtained by using the window method. For some small genomic islands, e.g., the genomic island in the genome of Streptococcus mutant UA159, if the window size is larger than the length of genomic island, the change of the GC content in the region of genomic island is almost not observable by using the window method (data not shown). A comparison between the method of cumulative GC profile and others for the identification of genomic islands is discussed in another section below.
The genomic island in bacterium Corynebacterium glutamicum
Corynebacterium glutamicum is a gram-positive soil bacterium, which has a remarkable ability to excrete large amounts of certain amino acids (Kinoshita et al., 1957) . Therefore, this bacterium is most widely used for fermentative production of amino acids on an industrial scale.
Each year, approximately 1,000,000 tons of L-glutamate and 450,000 tons of L-lysine are produced by using different strains of C. glutamicum. In addition, it is also used for production of other economically important amino acids, including L-alanine, L-isoleucine and L-proline (Leuchtenberger, 1996) . Because of its value in industry, extensive studies have been focused on this organism, to elucidate its metabolic pathways and to improve its amino acid production (Krubasik et al., 2001; Burkovski, 2003 , Kalinowski et al., 2003 .
The z' curve for C. glutamicum ( Fig. 2A) shows that from about 1777 Kb to 1987 Kb, there is a region of low GC content, and there are clear boundaries between this region and the surrounding regions. The GC content of this more than 200 Kb region is 0.486, whereas the other part of the genome has a GC content 0.548. Therefore, it strongly suggests that this more than 200 Kb region is a genomic island which is designated as CGGI-1.
It is usually found that there are direct repeats surrounding the genomic islands (Hacker and Kaper, 2000) . Indeed, we found that two ~500 bp repeat elements, with each at one end of the genomic island. For other genomes, the lengths of the repeats range from 10 bp to more than 100 bp. The ~500 bp repeats identified in the genome of C. glutamicum is relatively long among those of other genomic islands.
The tRNA gene has been repeatedly found to be the integration site of genomic islands.
Indeed, we found a cluster of 7 tRNA genes at the 5' junction, which is immediately followed by the repeat element. The detailed structure of the organization of this genomic island is shown in Fig. 3 .
Since genomic islands have a foreign source, their codon usage and amino acid usage are usually different from those of the host genomes. We defined two new indices to assess the codon usage bias and amino acid usage bias, respectively. The codon usage bias and amino acid usage bias for all the genes are plotted along the genome according to the coordinates of the genes (Fig 2B, C) . There are two peaks corresponding to the unusual codon usage and amino acid usage in the genome. The peak located at 1.8 Mb corresponds to the genomic island, CGGI-1. The statistical tests show that the codon usage and amino acid usage biases are significantly different from those of the rest of the genome with p < 0.001. Refer to table I for details of the statistical tests. The other relatively small peak corresponds to a region in the genome, which also has unusual codon and amino acid usage. It has been well known that ribosomal protein genes have unusual codon and amino acid usage biases. Indeed, the peak corresponds to a cluster of 32 ribosomal protein genes, which locate within a region spanning from 498 to 595 Kb of the genome.
In CGGI-1, 82.9% genes in the identified genomic island code for hypothetical proteins.
However, in the other parts of the genome, only 26.6% of genes code for hypothetical proteins.
The difference in the predicted functions of genes also indicates a foreign source of the identified genomic island. Since those genes that code for hypothetical proteins do not usually have homologues in the database, their functions are unknown. This makes the analysis of the functions of the genomic island difficult. The authors of the published sequence also noticed this low GC region, which was identified as a prophage region (Kalinowski et al., 2003) .
The genomic islands in bacterium Vibrio vulnificus CMCP6 chromosome I
V. vulnificus is a gram-negative, curved rod-shaped, bacterium, that, under certain conditions, has the ability to cause both foodborne and wound infections throughout the world (Oliver, 1989) . In the United States, the diseases this bacterium produces make it the leading cause of seafood-associated fatalities (Morris, 1988; Morris et al., 1985; Todd, 1989) . These diseases include an invasive septicemia, with mortality rates of approximately 60% (Oliver, 1989) .
Infection resulting in primary septicemia is usually caused by consumption of raw or under cooked shellfish, such as oysters. In fatal cases, death may occur within hours after infection.
Wound infections usually occur via contamination of preexisting wound with shellfish, or seawater containing the organism. In addition, the link of these infections with the bacterium, which is present in the shellfish, can also lead to the loss of sales and subsequent economic harm to the entire shellfish industry (Strom, 2000) . The whole sequence was sequenced by Chonnam National University (Kim et al., 2003) . Kb and 3248 Kb to 3250 Kb, there are three regions of low GC content (Fig. 4A ). There are clear boundaries between these three regions and the surrounding regions. Therefore, it strongly suggests that these regions with low GC content to be genomic islands, which are designated as VVGI-1, VVGI-2 and VVGI-3, respectively.
The VVGI-1 is ~167 Kb in length, with a GC content 0.411. The VVGI-2 is ~40 Kb in length, with a GC content 0.381. The GC contents of both genomic islands are much lower than the genomic GC content, 0.470. For each of the genomic islands, at the site where GC content undergoes abrupt change, is located an integrase gene, suggesting that the site which has an abrupt change of GC content to be the integration site. Both the codon usage biases of VVGI-1 (0.187) and VVGI-2 (0.187) are larger than 0.145, the codon usage bias of the other regions of the genome, with statistical significance (p <0.001). The amino acid biases of VVGI-1 and VVGI-2 are 0.066 and 0.065, respectively, which are larger than 0.049, the amino acid bias of the other regions of the genome, with statistical significance (p <0.001).
The VVGI-1 contains 144 genes. Two genes encode for invasion-associated proteins, which are cell wall-associated hydrolases (VV12487 and VV12566). The cell wall-associated hydrolase is able to digest the cell wall of bacteria (Shockman and Holtje, 1994) and it has been implicated in many cellular processes, such as cell-wall turnover, motility, protein secretion and pathogenicity (Foster, 1994; Smith et al., 2000; Loeffler et al., 2001) . The role of these two genes in the pathogenicity of V. vulnificus is not clear.
VVGI-2 contains 31 genes, which include a hemolysin, VV10403. Hemolysin denotes a class of toxins that have lytic activity on red blood cells (RBC). Now it is generally recognized
that besides RBCs, hemolysin has toxic activity to many other cell types, such as monocytes and endothelial cells (Bhakdi et al., 1996) . The molecular basis for the toxicity is that hemolysins can form pores in the membranes of many types of cells, which affects the pathophysiology of the host (Welch et al., 1981; Bhakdi et al., 1991 , Roe et al., 2001 Vesper et al., 2001) . Indeed, an extracellular hemolysin has been found to be a virulence determinant for V. vulnificus (Oliver et al., 1986; Gray and Kreger, 1989) . The hemolysin may play an important role in colonization and multiplication in the shellfish, by breaking down the host tissues (Strom and Paranjpye, 2000) . Therefore, the VVGI-2 is a potential pathogenicity island.
The VVGI-3 is ~30 Kb in length, with a GC content 0.389, which is lower than the genomic GC content, 0.47. The codon usage bias of this region is 0.183, which is larger than 0.145, the codon usage bias of the other region of the genome, with statistical significance (p <0.01). Likewise, the amino acid bias of this region is 0.057, which is larger than 0.049, the amino acid bias of the other region of the genome, with statistical significance (p <0.05).
The VVGI-3 contains 28 genes, which include a gene coding for a multidrug resistance efflux pump (VV13195). Multidrug resistance efflux pump is a system, which usually exists in gram-negative bacteria, and it enables the bacteria to expel a wide variety of antimicrobial compounds. In the bacteria that possess the drug resistance efflux system, the active efflux process causes drug resistance, which, clinically, represents a serious problem in the treatment of bacterial infections (Lewis, 1994; Nikaido, 1996; Paulsen et al., 1996; Zgurskaya and Nikaido, 2000) . Therefore, the presence of the gene coding for multidrug resistance efflux pump suggests a possibility of VVGI-3 to be a resistance island.
In the plot for codon usage bias and amino acid usage bias (Fig. 4B, C) , besides the three peaks corresponding to the regions of three identified genomic islands, there is another peak, which corresponds to a very sharp region of the genome. A closer look at the genome showed that this region, from 752 Kb to 765 Kb, about 13 Kb in length, has a cluster of 26 ribosomal protein genes. Therefore, this peak corresponds to the unusual codon usage bias and amino acid usage bias of the ribosomal proteins, instead of a genomic island.
The homogeneity of the GC content of genomic islands
An interesting characteristic of the genomic island is that the GC content is fairly homogenous compared to other regions of genomes, and this is reflected by the fact that the z' curves corresponding to the genomic islands are almost straight lines. This characteristic of genomic islands has not been observed before. We have found that for all the genomic islands studied in this report, , where h is defined in eq. (9). To have a comparison, the index was also calculated for the remaining regions in the genomes not including the genomic islands. The value of h for CGGI-1 is 0.08, whereas for the remaining region of the genome h is 0.22.
The values of h for VVGI-1, VVGI-2 and VVGI-3 are 0.03, 0.04 and 0.04, respectively, whereas for the remaining region h is 0.50. In addition, all the h for the genomic islands studied, including those of Vibrio cholerae chromosome II, Streptococcus mutant UA159 and Bradyrhizobium japonicum are less than 0.1, suggesting that the GC content of these genomic islands is fairly homogenous. However, h should not be used as a threshold to define genomic islands. In contrast, h should be used as an index to assess the homogeneity of genomic islands, which need to be defined by the sequence context and biological functions.
Other common features of genomic islands
In the previous section, we discussed the homogeneity of GC content in genomic islands.
Another feature of genomic islands that we observed is that almost all genomic islands are rich in AT content, compared to the AT content of the host genome. This is reflected by the fact that the all z' curves for the genomic islands studied are associated with an up jump, i.e., the slope is positive. Indeed it was previously reported that the AT content of phages and insertion sequences are rich in AT content, and it was suggested that it is due to the differential cost and availability of relevant metabolites in the cell (Rocha and Danchin, 2002) . Currently, the reasons why the genomic islands studied are rich in AT and fairly homogenous are not clear. We speculate that this could be due to some selection pressures, or could be an indication that these genomic islands have a common origin.
Genomic islands have been found to have some conserved characteristics, such as different GC content, different codon usage and different amino acid usage, compared to those of the rest of the genome. In addition, most genomic islands have direct repeat elements located around the integration sites. Furthermore, genomic islands are usually integrated at the tRNA loci, with an integrase gene at the 5' junction. Finally, most genomic islands have mobile genes, such as the genes coding for transposase and integrase (Hacker and Kaper, 2000) . In the genomic islands we identified, there are 2, 9, 2 and 8 transposases in CGGI-1, VVGI-1, VVGI-2 and VVGI-3, respectively. However, it appears that they do not have all the typical characteristics.
For example, in CGGI-1, it has tRNA locus, direct repeats, but no integrase gene is found at the 5' end. In VVGI-1 and VVGI-2, they have integrase genes at the 5' end, but no tRNA locus is found. In VVGI-3, although it has unusual GC content, codon usage and amino acid usage, and has 8 transposes, no integrase gene and tRNA locus could be found. Therefore, it appears that although genomic islands have some conserved structures, they don't need to have all of these characteristics to be defined as genomic islands.
Comparison between the method of cumulative GC profile and others
Traditionally, the GC content distribution of a genome is usually assessed by computing the GC content in sliding windows moving along the genome. The disadvantage of this routinely used window-based method is that the resolution is low, e.g., the method is not sensitive in detecting the small changes in GC content. In addition, the distribution pattern of GC content obtained is largely dependent on the window size. On the contrary, the cumulative GC profile is unique for a genome sequence. In addition, because of high resolution, the boundaries of the region that has a change in GC content can be precisely determined. Furthermore, we want to emphasize that the cumulative GC profile has high sensitivity in detecting the changes in GC content. This is because of the special subtraction procedure, i.e., eq. (3), which amplifies the variation of GC content. Therefore, even an extremely small change of GC content can be detected. This characteristic is especially useful if the difference between the GC content of the horizontally transferred elements and that of the host genome is small.
Historically, other windowless methods have been developed to calculate GC content, which are usually given the name of 'segmentation of DNA sequences'. Among them, the methods of entropic segmentation (Oliver et al., 2001; Li et al., 2002) , hidden Markov model (HMM) (Peshkin and Gelfand, 1999) and wavelet shrinkage technique (Lio and Vannucci, 2000) should be mentioned. The entropic segmentation algorithm possesses the highest resolution (single base-pair) as the method of z' curve does, but needs relatively large amount of calculations. Additionally, it usually needs a priori parameter (e.g., in Li et al., 2002) to stop the segmentation process. However, there is no priori reason to select a certain value of s in advance. Whereas in the HMM method, even more parameters are needed. For example, in this 0 s 0 model the segmentation borders cannot be uniquely determined, because the borders are dependent on the number of hidden states and the order of the model adopted, which are hardly determined in advance for a given genome. The wavelet shrinkage method also needs a priori parameter α and the results of the method depend on the concrete wavelet adopted (Lio and Vannucci, 2000) . On the contrary, no adjusted parameters are needed in using the cumulative GC profile. Therefore, compared with the above methods, the cumulative GC profile has the advantages of simplicity, uniqueness, intuitiveness and high accuracy.
Besides GC content, other characteristics, such as codon usage, amino acid usage, dinucleotide usage and tetranucleotide relative abundance values can be used to identify genomic islands, e.g., Karlin proposed several indices to assess the codon usage bias, amino acid usage bias and dinucleotide usage bias (Karlin, 2001 ). The two indices in assessing the codon usage bias and amino acid usage bias, defined in eqs. (5) and (6), are mathematically similar to those proposed by Karlin (Karlin, 2001) , however, the current indices are more intuitive. The problem with these methods is that these genome characteristics, e.g., codon usage bias, are not sensitive to detect genomic islands. For instance, statistically, the genes in genomic islands have an average codon usage bias that is distinct from the rest of the genome. However, with respect to one particular gene, it is not always true. Therefore, a reasonable procedure is to screen the genomes first by using the cumulative GC profile, and then focus on the regions having relatively sharp change in GC content, to study some genome characteristics, such as codon usage bias, and also to study the characteristics of boundary sequences, such as the presence of tRNA genes and direct repeats.
In conclusion, the evidence presented in this report strongly suggests that we have identified one and three genomic islands in the genome of C. glutamicum and V. vulnificus CMCP6 chromosome I, respectively. The identification of these genomic islands will benefit the research in these two important organisms. The functions of these genomic islands and their roles in metabolism and pathogenicity need to be clarified in further studies. With the availability of more and more completely sequenced genomes, the proposed methodology will be useful in the identification of genomic islands in other genomes.
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